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ABSTRACT
The aim of this study was to determine changes in knee biomechanics during
badminton lunges due to fatigue, lunge strategy and knee bracing. Kinetic and
kinematic data were collected from 16 experienced right-handed badminton players.
Three factor repeated measures ANOVAs (lunge direction—fatigue—brace) were
performed with Least Significant Difference pairwise comparisons. In addition,
clinical assessments including; Y-balance test, one leg hop distance and ankle
dorsiflexion range of motion were performed pre- and postfatigue. The knee showed
significantly greater flexion during the forehand lunge compared to backhand.
In contrast, the internal rotation velocity and the knee extension moment were
greater during backhand. Knee angular velocity in the sagittal plane, peak knee
moment and range of moment in the coronal plane and stance time showed
significantly lower values postfatigue. In addition, the peak knee adduction moment
showed significantly lower values in the braced condition in both the fatigued and
nonfatigues states, and no significant differences were seen for peak vertical
force, loading rate, approach velocity, or in any of the clinical assessment scores.
There appears to be greater risk factors when performing a backhand lunge to the net
compared to a forehand lunge, and proprioceptive bracing appears to reduce the
loading at the knee.
Subjects Kinesiology, Orthopedics, Public Health
Keywords Badminton, Lunge, Fatigue, Knee brace, Knee stiffness
INTRODUCTION
Badminton is characterized by high intensity effort over short durations (Cabello, 2000),
with players needing to move quickly in multiple directions (Jaitner & Gawin, 2007;
Kuntze, Mansfield & Sellers, 2010; Sturgess & Newton, 2008), and to execute shots while
maintaining balance and motor control (Grice, 2008). Pivoting, jumping and lunges are the
most common movements as players try to reach the shuttlecock or move back to a
defensive position as quickly as possible (Gibbs, 1988; Robinson & O’Donoghue, 2008).
How to cite this article Valldecabres R, de Benito AM, Littler G, Richards J. 2018. An exploration of the effect of proprioceptive knee bracing
on biomechanics during a badminton lunge to the net, and the implications to injury mechanisms. PeerJ 6:e6033 DOI 10.7717/peerj.6033
Submitted 7 August 2018
Accepted 30 October 2018











2018 Valldecabres et al.
Distributed under
Creative Commons CC-BY 4.0
Valldecabres et al. (2017) quantified that more than 50% of lunge movements were in a
diagonal direction and Kuntze, Mansfield & Sellers (2010) showed 15% of movements were
from the center of the court to the net.
Badminton kinetics and kinematics have been previously studied (Hong et al., 2014;
Hong et al., 2014; Kuntze, Mansfield & Sellers, 2010). However, there appears to
be a lack of studies investigating the effects of fatigue, which may give a greater
understanding of injury risk factors for players and coaches, and assist in the decision
making during training when considering shot performance and return to
sports postinjury.
During badminton 70% of injuries are to the lower limbs (Jafari et al., 2014; Jørgensen &
Winge, 1987; Shah, Ansari & Qambrani, 2014), with approximately 50% of these being
patellar tendinopathy and patellofemoral joint syndrome (Shariff, George & Ramlan,
2009). Extrinsic mechanisms such as; overtraining, muscle imbalance, lower extremity
malalignment or knee joint laxity and training errors have all been reported as
contributing factors in Patellofemoral pain (PFP) (Tumia & Maffulli, 2002). In addition,
knee abduction moments have also been shown to be important contributors to symptoms
(Myer et al., 2015).
Patellofemoral pain is often treated using exercise, foot orthoses, taping and knee braces
(Bolgla & Boling, 2011). Knee braces aim to improve the tracking of the patella in the
trochlea grove (Paluska & McKeag, 2000). The use of proprioceptive bracing in injury
prevention has also attracted some attention during daily activities (Selfe et al., 2011) and
sports specific tasks (Hanzlíková et al., 2016; Sinclair et al., 2016; Sinclair, Vincent &
Richards, 2017); however, little is known about their efficacy when the athlete is in a
fatigued state. The aim of this study was to determine the changes in knee kinetics and
kinematics during badminton lunges to the net due to; fatigue, lunge direction (forehand
and backhand) and knee bracing. It was hypothesized that fatigue would increase
knee moments and decrease the stability during the clinical tests, whereas, knee bracing
would reduce knee moments and increase the stability during the clinical tests, and that
the backhand lunge would show the greatest knee moments and angular velocity.
In addition, the effect of fatigue and bracing on clinical scores during dynamic stability and
weight bearing tests were explored. It was hypothesized that dynamic stability during




A total of 16 right-handed badminton players (10 males and six females) with a mean age
of 27.1 ± 9.0 years, height of 172.1 ± 8.9 cm and weight of 74.0 ± 16.5 kg, were recruited.
All participants reported to be free from any pain or pathology affecting the lower
limbs at the time of testing. This study was approved by the STEMH Ethics Committee
(Ref. STEMH 671). Volunteers gave written informed consent prior to participation and
all data collection conformed to the Declaration of Helsinki.
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Equipment
Kinematic data were collected using a 10 camera Oqus 7 Qualisys motion analysis system
at 200 Hz (Qualisys medical AB, Gothenburg, Sweden), and kinetic data were collected
at 2,000 Hz using two AMTI force platforms. Passive retroreflective markers were placed on
the lower limbs using the calibrated anatomical system technique to allow for segmental
kinematics to be tracked in six degrees of freedom (Cappozzo et al., 1995). In order to reduce
measurement error, reflective markers were positioned by a single experienced researcher.
Anatomical markers were positioned on the anterior superior iliac spine (ASIS),
posterior superior iliac spine, greater trochanter, medial and lateral femoral epicondyle, medial
and lateral malleoli and over the medial and lateral aspects of the first and fifth metatarsals.
In addition, clusters of noncollinear markers were attached to the shank and thigh
(Fig. 1). Markers were also placed over the forefoot, midfoot and rearfoot aspects of the shoes
(Fig. 1) (Richards, 2018). To enable the fitting of the brace, the thigh and shank marker
clusters were placed above and below the brace, respectively, as described by Hanzlíková et al.
(2016). Raw kinematic and kinetic data were exported to Visual3D (C-Motion Inc., Rockville,
MD, USA). Kinematic and kinetic data were filtered using fourth order Butterworth
filters with cut off frequencies of 15 and 25 Hz, respectively (Hanzlíková et al., 2016).
Procedure
Participants were required to visit the laboratory on two occasions using a randomized
order for the knee braced and no braced conditions. The knee brace used was an off the
shelf proprioceptive brace (Reaction Brace; DJO Global Inc., Vista, California, USA)
which was applied in accordance with the manufacturer’s instructions (Fig. 1). On arrival,
anthropometric measurements were taken. A standardized 10 min warm-up was
performed, which included active stretching of the quadriceps and hamstring muscles
Figure 1 Showing the lunge to the net movement with multisegment foot and marker set when
wearing the knee brace. (A) Lower limbs and multisegment foot marker set when wearing the knee
brace. (B) Lunge to the net lateral view. (C) Lunge to the net medial view.
Full-size DOI: 10.7717/peerj.6033/fig-1
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(Lam et al., 2017), specifically this involved five repetitions of 30 s per muscle; and
familiarization of the lunge tasks, which involved performing as many repetitions as the
participants needed to feel comfortable with the task (Gribble, Hertel & Plisky, 2012). After the
warm up five lunges to the net were performed to each side (forehand and backhand), from
an identical position 45 to the net. Participants were asked to hit the shuttlecock with a
top spin shot, with the final step being made with the dominant limb landing on the force
plate. The shuttlecock was positioned 0.15 m in front of the net, 0.4 m to the side of the force
plate at a height of 1.65 m (Fig. 2). After the initial assessment, a fatigue protocol was
performed which consisted of repeated forward lunges until the point of maximum volitional
fatigue (Pincivero et al., 2000). This consisted of the lunge distance for each participant being
determined as a proportion of the participants’ leg length measured from the ASIS to the
medial malleolus. A metronome was then used to control the number of lunges which was set
to 30 repetitions per minute, a fatigued state was considered to have been reached when
the participant could no longer keep up the rhythm (Pincivero et al., 2000). Immediately
following the fatigue protocol, participants performed the lunge tasks again, the order of which
was randomized. All participants wore their own sport footwear during the lunge tasks.
In addition, clinical assessment tests including; the Y-balance test, one leg hop distance and
ankle dorsiflexion range of motion test (Weir & Chockalingam, 2007) measured using the leg
motion system (Calatayud et al., 2015) were conducted pre- and postfatigue state (Fig. 3).
Data analysis
The peak vertical force, loading rate, approach velocity, stance time, and maximum,
minimum, and range of motion of the knee joint angles and moments in the sagittal,
coronal and transverse plane were exported from Visual3D.
Statistical analysis
All data were examined for normality using the Shapiro–Wilks test and found suitable for
parametric testing. Three factor repeated measures ANOVA tests (fatigue—lunge
Figure 2 Positioning of the shuttlecock with respect to the net and force plate.
Full-size DOI: 10.7717/peerj.6033/fig-2
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direction—brace) were performed with post hoc comparisons for the lunge tests, and
two factor repeated measures ANOVA tests (fatigue—brace) were performed for the
dynamic stability and weight bearing tests. In addition, the effect size was reported using
Partial eta squared (hp
2) and statistical significance was set at p < 0.05. All statistical
analysis was performed using SPSS (v24).
RESULTS
No significant interactions were seen between factors for any of the variables analysed.
Significant main effects between pre- and postfatigue were seen in the knee flexion angular
velocity at heel strike and range of knee angular velocity in the coronal plane during
the lunge tasks (Table 1), with both parameters showing a 28.2 and 10.8% decrease
postfatigue, respectively. In addition, significant main effects were seen in stance time, knee
abduction moment and range of moment in the coronal plane (Table 2), showing 5.3, 20.2
and 8.5% lower values postfatigue, respectively (Table 3). When comparing the
forehand and backhand tasks significant main effects were seen in the knee flexion angle
and transverse plane knee angular velocity at heel strike (Table 1). This showed a 4.4%
greater knee flexion and 66.2% lower internal rotation velocity during the forehand
lunge (Table 3). In addition, significant main effects were seen in the knee extension
moment (Table 2), with the forehand lunge showing a 9.0% lower knee extension moment
(Table 3). When comparing the braced and no braced conditions, significant main
Figure 3 Leg motion system. Full-size DOI: 10.7717/peerj.6033/fig-3
Valldecabres et al. (2018), PeerJ, DOI 10.7717/peerj.6033 5/13
effects were seen in the peak knee adduction moment (Table 2), with a 34.8% lower knee
moment being seen in the braced condition (Table 3). For the force and time data no
significant effects were seen for peak vertical force, loading rate or approach velocity.





No brace Brace No brace Brace
BH FH BH FH BH FH BH FH
Flexion at heel strike‡ 16.7 ± 5.4 18.0 ± 5.4 18.5 ± 5.9 19.7 ± 5.6 15.8 ± 7.5 17.6 ± 6.9 17.9 ± 5.8 18.1 ± 4.1
Peak flexion 64.3 ± 5.0 65.9 ± 7.2 66.8 ± 7.7 68.7 ± 8.8 62.9 ± 7.2 64.4 ± 8.4 65.4 ± 6.6 66.2 ± 7.8
ROM sagittal plane 47.6 ± 4.6 47.7 ± 5.6 48.3 ± 6.3 48.9 ± 7.0 47.2 ± 5.6 46.8 ± 5.4 47.4 ± 5.6 48.0 ± 5.7
Coronal plane at heel
strike
-0.7 ± 3.8 0.2 ± 4.1 0.5 ± 5.3 0.4 ± 5.1 -0.4 ± 3.8 -0.4 ± 4.0 0.3 ± 5.0 -0.2 ± 4.6
Peak valgus 3.6 ± 6.0 4.4 ± 6.2 4.0 ± 8.0 4.4 ± 7.6 3.7 ± 5.8 3.5 ± 5.5 3.8 ± 7.8 3.2 ± 7.8
Peak varus -4.1 ± 5.8 -3.4 ± 5.4 -4.6 ± 6.1 -4.6 ± 5.7 -4.0 ± 4.9 -4.2 ± 4.8 -5.4 ± 6.2 -5.4 ± 5.8
ROM coronal plane 7.6 ± 3.7 7.7 ± 3.2 8.6 ± 5.3 9.0 ± 5.2 7.7 ± 3.1 7.7 ± 3.2 9.2 ± 5.3 8.6 ± 5.2
Transverse plane at
heel strike
-2.9 ± 9.1 -5.5 ± 8.5 -5.1 ± 10.9 -5.0 ± 11.5 -4.9 ± 8.5 -3.8 ± 8.0 -5.7 ± 10.6 -5.3 ± 10.6
Peak external rotation 7.6 ± 6.0 7.7 ± 4.6 6.2 ± 7.9 6.4 ± 8.4 6.9 ± 4.6 7.6 ± 4.5 6.1 ± 7.4 6.3 ± 7.3
Peak internal rotation -5.6 ± 8.1 -7.2 ± 7.4 -7.3 ± 10.5 -6.8 ± 11.0 -7.7 ± 7.5 -6.4 ± 7.1 -7.1 ± 10.5 -6.8 ± 10.1
ROM transverse plane 13.2 ± 6.2 14.9 ± 5.8 13.5 ± 6.0 13.2 ± 4.4 14.6 ± 6.3 14.0 ± 5.3 13.3 ± 6.8 13.1 ± 5.4
Knee joint angular velocity (degrees·seconds-1)
Flexion velocity at heel
strike*
175.7 ± 114.5 197.6 ± 137.6 195.2 ± 110.6 200.2 ± 76.0 121.0 ± 152.8 159.9 ± 133.0 115.9 ± 85.5 155.3 ± 107.0
Peak flexion angular
velocity
535.3 ± 73.2 524.4 ± 91.0 515.3 ± 90.3 509.1 ± 83.6 546.8 ± 84.9 531.1 ± 68.5 532.2 ± 78.3 522.0 ± 84.4
Range of velocity
sagittal plane
539.8 ± 84.1 532.0 ± 99.4 517.3 ± 95.2 508.9 ± 81.5 571.4 ± 130.1 539.0 ± 66.7 538.3 ± 79.9 522.8 ± 83.5
Valgus velocity at heel
strike
4.6 ± 66.6 -15.3 ± 70.3 -38.2 ± 79.6 -43.2 ± 89.3 0.9 ± 54.5 -2.2 ± 48.2 -29.5 ± 93.8 -22.4 ± 64.0
Peak valgus velocity 191.4 ± 117.9 229.4 ± 106.2 206.4 ± 137.0 215.8 ± 136.7 192.7 ± 114.1 202.7 ± 100.8 188.4 ± 131.5 196.0 ± 127.9
Peak varus velocity -96.5 ± 55.0 -115.5 ± 45.5 -131.5 ± 69.9 -140.7 ± 55.8 -87.7 ± 39.6 -103.8 ± 41.9 -109.8 ± 69.3 -102.8 ± 45.0
Range of velocity
coronal plane*
287.9 ± 136.8 344.9 ± 125.0 337.9 ± 159.5 356.5 ± 142.3 280.4 ± 120.9 306.5 ± 111.7 298.2 ± 150.6 298.7 ± 138.1
Transverse plane
velocity at heel strike‡
11.0 ± 125.2 -50.9 ± 106.4 63.3 ± 205.8 30.3 ± 136.9 9.5 ± 157.3 -28.8 ± 135.4 28.6 ± 139.7 11.4 ± 143.3
Peak internal rotation
velocity
298.0 ± 114.4 345.7 ± 122.8 346.3 ± 178.7 329.8 ± 127.9 312.0 ± 128.8 320.7 ± 150.6 347.0 ± 178.7 329.8 ± 127.9
Peak external rotation
velocity
-166.7 ± 81.8 -149.1 ± 62.3 -164.4 ± 73.6 -165.7 ± 69.1 -162.1 ± 96.0 -151.0 ± 79.6 -132.0 ± 80.4 -122.0 ± 49.8
Range of velocity
transverse plane
464.7 ± 147.8 494.8 ± 146.8 510.7 ± 182.1 495.5 ± 155.2 474.1 ± 149.7 471.7 ± 188.4 479.0 ± 205.4 447.6 ± 141.4
Notes:
* Significant main effect between pre- and postfatigue.
‡ Significant main effect between Backhand (BH) and Forehand (FH).
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No significant differences were seen between pre- and postfatigue or between brace and
no brace for the Y-balance test, one leg hop distance or ankle dorsiflexion range of
motion test (Table 4).






No brace Brace No brace Brace
BH FH BH FH BH FH BH FH
Peak flexion
moment





































1293.8 ± 448.2 1305.6 ± 424.3 1293.2 ± 506.1 1184.1 ± 515.3 1274.0 ± 421.2 1305.9 ± 508.1 1255.2 ± 482.9 1171.8 ± 504.4
Loading rate
(BW/s)




2.2 ± 0.3 2.1 ± 0.4 2.2 ± 0.3 2.2 ± 0.2 2.1 ± 0.3 2.0 ± 0.5 2.0 ± 0.4 2.1 ± 0.3
Right stance
time (s)*
0.242 ± 0.33 0.242 ± 0.42 0.257 ± 0.06 0.246 ± 0.07 0.225 ± 0.04 0.229 ± 0.05 0.249 ± 0.07 0.231 ± 0.53
Notes:
* Significant main effect between pre- and postfatigue.
† Significant main effect between brace and no brace.
‡ Significant main effect between Backhand (BH) and Forehand (FH).
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DISCUSSION
The aim of the current investigation was to examine the effects of fatigue, lunge strategy
and wearing a knee brace on knee kinetics and kinematics during badminton lunges
to the net and clinical scores in experienced badminton players. Key findings for the effect
of fatigue showed that the knee flexion angular velocity at heel strike, range of knee angular
velocity in the coronal plane decreased in a fatigue state. Kinetic data showed that the
peak knee adduction moment and coronal plane moment range were all lower postfatigue,
which occurred over a shorter stance time. The changes in joint angular velocity, with no
Table 3 Post hoc analysis for Significant Main effects for joint angle, angular velocity and knee moments.






Flexion at heel strike 192.2 138.0 0.003 21.963–86.331 0.460
Range of velocity coronal plane 331.8 296.0 0.011 9.565–62.138 0.360
Peak varus moment -21.2 -16.9 0.004 -6.989 to -1.599 0.435
Coronal plane moment range 93.1 85.2 0.034 0.673–15.093 0.266
Right stance time 0.247 0.234 0.012 0.003–0.023 0.352






Flexion at heel strike 17.4 18.2 0.047 -2.274 to -0.015 0.240
Transverse plane velocity at heel strike 28.1 -9.5 0.012 9.500–65.806 0.350
Peak extension moment -55.4 -50.4 0.019 -9.110 to -0.966 0.317






Peak adduction moment -23.0 -15.0 0.028 -14.953 to -0.993 0.283
Table 4 Dynamic stability test and weight bearing results for right stance leg.




Mean ± SD Mean ± SD Pre–Post Brace–No
Brace
Pre Post Pre Post
Weight bearing (cm) 10.8 ± 3.4 10.4 ± 3.3 10.1 ± 2.9 10.3 ± 3.2 0.721 0.009 0.200 0.107
Y-test anterior (m) 0.7 ± 0.1 0.7 ± 0.1 0.7 ± 0.8 0.7 ± 0.1 0.266 0.082 0.427 0.043
Y-test Posteromedial (m) 1.1 ± 0.2 1.1 ± 0.2 1.1 ± 0.1 1.0 ± 0.1 0.873 0.002 0.465 0.036
Y-test Posterolateral (m) 0.9 ± 0.2 1.0 ± 0.2 0.9 ± 0.2 1.0 ± 0.2 0.080 0.190 0.593 0.02
One leg hop distance (cm) 115.9 ± 23.1 116.6 ± 23.0 121.2 ± 20.9 115.4 ± 22.0 0.373 0.053 0.530 0.027
Valldecabres et al. (2018), PeerJ, DOI 10.7717/peerj.6033 8/13
corresponding change in joint angles, would indicate that there is a slower movement,
however, no significant difference was seen in the approach speed. Therefore, this would
indicate an increase in joint stiffness in the sagittal and coronal planes defined byHughes &
Watkins (2008) with a lower adaptability as the leg resistance moves into compression over
less time during landing. This increase in stiffness is supported by Arampatzis et al. (2001)
who found that lower limbs stiffness influences athletic performance in sports activities.
This could relate to a potential increase in injury risk due to increase stress and strain
in the knee joint (Derrick, Dereu & Mclean, 2002; Dierks, Davis & Hamill, 2010)
and changes to dynamic loads on the lower limbs through an interaction of simultaneous
concentric and eccentric contractions when athletes are in a fatigue state (Komi, 2000).
One explanation for the decreases in peak knee adduction moment and coronal plane
moment range, could be a change in strategy during loading, which may relate to changes
in foot position and posture during the lunge. This reduction in the knee adduction
moments could be explained by the foot landing in more external rotated position,
therefore changing the line of action of the ground reaction force; although no changes
were seen in the transverse plane moments at the knee. However, further exploration
of such compensatory mechanisms due to foot placement is beyond the scope of
this current paper.
When comparing the forehand and backhand tasks significant main effects were seen in
the sagittal and transverse planes. During the forehand lunge a greater knee flexion was
seen at heel strike with less internal rotation than the backhand lunge. This would
indicate a lower injury risk during the forehand lunge, as increases in internal rotation
movements have been shown to be an anterior cruciate ligament injury risk mechanism
(Fornalski et al., 2008; Myer et al., 2008; Meyer & Haut, 2008).
When comparing the braced and no braced conditions, a significant reduction in peak
knee adduction moment was seen in the braced condition (Tables 2 and 3). This would
indicate a reduction in the medial compartment contact force (Manal et al., 2015),
which has been associated with lower pain levels in knee OA and reductions in knee varum
(Miyazaki, 2002). However, the brace used in this study was not a rigid brace and therefore
this effect is unlikely to be from any mechanical realignment of the knee, but can be
explained by a change in loading strategy due to changes in proprioception. This has been
previously seen in several studies during step descent (Akseki, 2008; Baker et al., 2002;
Callaghan et al., 2002, 2008; Selfe et al., 2011), and sports related movement tasks
(Hanzlíková et al., 2016; Sinclair et al., 2016), who reported improvements in knee stability
and reductions in knee pain.
Interestingly no significant differences were seen between pre- and postfatigue or
between brace and no brace for the Y-balance test, one leg hop distance or ankle
dorsiflexion range of motion test. This would indicate that overall performance was
unchanged, whereas movement control and strategy during the lunge tasks were affected.
This suggests that these clinical scores were not sensitive to potentially clinically important
changes that can be associated with knee injury risk factors.
Limitations of this study include; participants wearing their own shoes rather than
standardized footwear. Although Park et al. (2017) suggested that different designs of
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badminton shoes do not significantly affect lower extremity kinematics, although these did
have an effect on subjective perception of comfort. In addition, this study recruited
participants who were recreational athletes who had played badminton for at least 2 years,
however, due to possible differences in technique it is not possible to extrapolate these
findings to elite players.
CONCLUSIONS
This study showed no significant differences in approach velocity and loading rate
postfatigue, however, a greater knee stiffness was seen. In addition, there appears to be
greater risk factors when performing a backhand lunge to the net compared to a forehand
lunge. These factors should be considered when developing training regimes.
Finally, proprioceptive bracing appears to improve the loading patterns at the knee,
which should be considered when players are returning to sport after an injury.
ACKNOWLEDGEMENTS
We appreciate the help of Laurence Smith and Komsak Sinsurin when collecting data
during this study.
ADDITIONAL INFORMATION AND DECLARATIONS
Funding
This work was supported by Generalitat Valenciana ACIF projects [Grants number
ACIF2016/121 and BEFPI 2017/014] and Valencia Catholic University ‘San Vicente Mártir’
pre-competitive grants for research groups. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.
Grant Disclosures
The following grant information was disclosed by the authors:
Generalitat Valenciana ACIF projects: ACIF2016/121 and BEFPI 2017/014.
Valencia Catholic University San Vicente Mártir.
Competing Interests
The authors declare that they have no competing interests.
Author Contributions
 Raúl Valldecabres conceived and designed the experiments, performed the
experiments, analyzed the data, contributed reagents/materials/analysis tools, approved
the final draft.
 Ana María de Benito performed the experiments, contributed reagents/materials/
analysis tools, approved the final draft.
 Greg Littler prepared figures and/or tables, authored or reviewed drafts of the paper,
approved the final draft.
 Jim Richards conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, approved the final draft.
Valldecabres et al. (2018), PeerJ, DOI 10.7717/peerj.6033 10/13
Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):
STEMH Ethics Committee Application (Unique Reference Number: STEMH 671).
Data Availability
The following information was supplied regarding data availability:
The raw data are provided in the Supplemental Files.
Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.6033#supplemental-information.
REFERENCES
Akseki D. 2008. Proprioception of the knee joint in patellofemoral pain syndrome.
Acta Orthopaedica et Traumatologica Turcica 42(5):316–321 DOI 10.3944/AOTT.2008.316.
Arampatzis A, Schade F, Walsh M, Brüggemann G-P. 2001. Influence of leg stiffness and its
effect on myodynamic jumping performance. Journal of Electromyography and Kinesiology
11(5):355–364 DOI 10.1016/S1050-6411(01)00009-8.
Baker V, Bennell K, Stillman B, Cowan S, Crossley K. 2002. Abnormal knee joint position
sense in individuals with patellofemoral pain syndrome. Journal of Orthopaedic Research
20(2):208–214 DOI 10.1016/S0736-0266(01)00106-1.
Bolgla LA, Boling MC. 2011. An update for the conservative management of patellofemoral pain
syndrome: a systematic review of the literature from 2000 to 2010. International Journal of Sports
Physical Therapy 6(2):112–125.
Cabello D. 2000. Análisis de las características del juego en el bádminton de competición.
Su aplicación al entrenamiento. Tesis Doctoral. Universidad de Granada, Granada.
Calatayud J, Martín F, Gargallo P, García-Redondo J, Colado JC, Marín PJ. 2015. The validity
and reliability of a new instrumented device for measuring ankle dorsiflexion range of motion.
International Journal of Sports Physical Therapy 10(2):197–202.
Callaghan MJ, Selfe J, Bagley PJ, Oldham JA. 2002. The effects of patellar taping on
knee joint proprioception. Journal of Athletic Training 37(1):19–24.
Callaghan MJ, Selfe J, McHenry A, Oldham JA. 2008. Effects of patellar taping on knee joint
proprioception in patients with patellofemoral pain syndrome. Manual Therapy 13(3):192–199
DOI 10.1016/j.math.2006.11.004.
Cappozzo A, Catani F, Croce UD, Leardini A. 1995. Position and orientation in space of
bones during movement: anatomical frame definition and determination. Clinical Biomechanics
10(4):171–178 DOI 10.1016/0268-0033(95)91394-T.
Derrick TR, DereuD,Mclean SP. 2002. Impacts and kinematic adjustments during an exhaustive run.
Medicine & Science in Sports & Exercise 34(6):998–1002 DOI 10.1097/00005768-200206000-00015.
Dierks TA, Davis IS, Hamill J. 2010. The effects of running in an exerted state on lower
extremity kinematics and joint timing. Journal of Biomechanics 43(15):2993–2998
DOI 10.1016/j.jbiomech.2010.07.001.
Fornalski S, McGarry MH, Csintalan RP, Fithian DC, Lee TQ. 2008. Biomechanical and
anatomical assessment after knee hyperextension injury. American Journal of Sports Medicine
36(1):80–84 DOI 10.1177/0363546507308189.
Valldecabres et al. (2018), PeerJ, DOI 10.7717/peerj.6033 11/13
Gibbs MJ. 1988. Badminton-teaching concepts. Journal of Physical Education, Recreation & Dance
59(8):92–94 DOI 10.1080/07303084.1988.10606299.
Gribble PA, Hertel J, Plisky P. 2012. Using the star excursion balance test to assess dynamic
postural-control deficits and outcomes in lower extremity injury: a literature and systematic
review. Journal of Athletic Training 47(3):339–357 DOI 10.4085/1062-6050-47.3.08.
Grice T. 2008. Badminton: steps to success. Second Edition. Champaign: Human Kinetics.
Hanzlíková I, Richards J, Tomsa M, Chohan A, May K, Smékal D, Selfe J. 2016. The effect of
proprioceptive knee bracing on knee stability during three different sport related movement
tasks in healthy subjects and the implications to the management of Anterior Cruciate Ligament
(ACL) injuries. Gait & Posture 48:165–170 DOI 10.1016/j.gaitpost.2016.05.011.
Hong Y,Wang SJ, LamWK, Cheung JT-M. 2014. Kinetics of badminton lunges in four directions.
Journal of Applied Biomechanics 30(1):113–118 DOI 10.1123/jab.2012-0151.
Hughes G, Watkins J. 2008. Lower limb coordination and stiffness during landing
from volleyball block jumps. Research in Sports Medicine 16(2):138–154
DOI 10.1080/15438620802103999.
Jafari A, Mabani M, Golami M, Mabani M. 2014. The prevalence and causes of sport injuries
in well-trained badminton players of Iran. International Journal of Basic Sciences and Applied
Research 3(1):40–44.
Jaitner T, Gawin W. 2007. Analysis of badminton smash with a mobile measure device based on
accelerometry. In: ISBS-Conference Proceedings Archive. Vol. 1. Brazil: Ouro Preto, 282–284.
Jørgensen U, Winge S. 1987. Epidemiology of badminton injuries. International Journal of
Sports Medicine 8(6):379–382 DOI 10.1055/s-2008-1025689.
Komi PV. 2000. Stretch-shortening cycle: a powerful model to study normal and fatigued muscle.
Journal of Biomechanics 33(10):1197–1206 DOI 10.1016/S0021-9290(00)00064-6.
Kuntze G, Mansfield N, Sellers W. 2010. A biomechanical analysis of common lunge tasks
in badminton. Journal of Sports Sciences 28(2):183–191 DOI 10.1080/02640410903428533.
Lam W-K, Ryue J, Lee K-K, Park S-K, Cheung JT-M, Ryu J. 2017. Does shoe heel
design influence ground reaction forces and knee moments during maximum lunges
in elite and intermediate badminton players? PLOS ONE 12(3):e0174604
DOI 10.1371/journal.pone.0174604.
Manal K, Gardinier E, Buchanan TS, Snyder-Mackler L. 2015. A more informed evaluation of
medial compartment loading: the combined use of the knee adduction and flexor moments.
Osteoarthritis and Cartilage 23(7):1107–1111 DOI 10.1016/j.joca.2015.02.779.
Meyer EG, Haut RC. 2008. Anterior cruciate ligament injury induced by internal tibial
torsion or tibiofemoral compression. Journal of Biomechanics 41(16):3377–3383
DOI 10.1016/j.jbiomech.2008.09.023.
Miyazaki T. 2002. Dynamic load at baseline can predict radiographic disease progression in
medial compartment knee osteoarthritis. Annals of the Rheumatic Diseases 61(7):617–622
DOI 10.1136/ard.61.7.617.
Myer GD, Ford KR, Di Stasi SL, Foss KDB, Micheli LJ, Hewett TE. 2015. High knee abduction
moments are common risk factors for patellofemoral pain (PFP) and anterior cruciate
ligament (ACL) injury in girls: is PFP itself a predictor for subsequent ACL injury?
British Journal of Sports Medicine 49(2):118–122 DOI 10.1136/bjsports-2013-092536.
Myer GD, Ford KR, Paterno MV, Nick TG, Hewett TE. 2008. The effects of generalized joint
laxity on risk of anterior cruciate ligament injury in young female athletes. American Journal of
Sports Medicine 36(6):1073–1080 DOI 10.1177/0363546507313572.
Valldecabres et al. (2018), PeerJ, DOI 10.7717/peerj.6033 12/13
Paluska SA, McKeag DB. 2000. Knee braces: current evidence and clinical recommendations
for their use. American Family Physician 61(2):411–418.
Park S-K, Lam W-K, Yoon S, Lee K-K, Ryu J. 2017. Effects of forefoot bending stiffness of
badminton shoes on agility, comfort perception and lower leg kinematics during
typical badminton movements. Sports Biomechanics 16(3):374–386
DOI 10.1080/14763141.2017.1321037.
Pincivero DM, Aldworth C, Dickerson T, Petry C, Shultz T. 2000. Quadriceps-hamstring
EMG activity during functional, closed kinetic chain exercise to fatigue. European Journal of
Applied Physiology 81(6):504–509 DOI 10.1007/s004210050075.
Richards J. 2018. The comprehensive textbook of clinical biomechanics. London: Elsevier.
Robinson G, O’Donoghue P. 2008. A movement classification for the investigation of agility
demands and injury risk in sport. International Journal of Performance Analysis in Sport
8(1):127–144 DOI 10.1080/24748668.2008.11868428.
Selfe J, Thewlis D, Hill S, Whitaker J, Sutton C, Richards J. 2011. A clinical study of the
biomechanics of step descent using different treatment modalities for patellofemoral pain.
Gait & Posture 34(1):92–96 DOI 10.1016/j.gaitpost.2011.03.019.
Shah SAA, Ansari MA, Qambrani MR. 2014. The occurrence of knee injury in badminton:
a case study of sindh. Research Journal of Physical Education and Sports Science 19–30:19.
Shariff AH, George J, Ramlan AA. 2009. Musculoskeletal injuries among Malaysian
badminton players. Singapore Medical Journal 50(11):1095.
Sinclair JK, Selfe J, Taylor PJ, Shore HF, Richards JD. 2016. Influence of a knee brace
intervention on perceived pain and patellofemoral loading in recreational athletes.
Clinical Biomechanics 37:7–12 DOI 10.1016/j.clinbiomech.2016.05.002.
Sinclair JK, Vincent H, Richards JD. 2017. Effects of prophylactic knee bracing on knee joint
kinetics and kinematics during netball specific movements. Physical Therapy in Sport 23:93–98
DOI 10.1016/j.ptsp.2016.08.005.
Sturgess S, Newton RU. 2008. Design and implementation of a specific strength
program for badminton. Strength and Conditioning Journal 30(3):33–41
DOI 10.1519/SSC.0b013e3181771008.
Tumia N, Maffulli N. 2002. Patellofemoral pain in female athletes. Sports Medicine and
Arthroscopy Review 10(1):69–75 DOI 10.1097/00132585-200210010-00010.
Valldecabres R, De Benito A-M, Casal CA, Pablos C. 2017. Badminton world championship:
singles final men’s vs. women’s behaviours. Journal of Human Sport and Exercise
12(3proc):S775–S788 DOI 10.14198/jhse.2017.12.Proc3.01.
Weir J, Chockalingam N. 2007. Ankle joint dorsiflexion: assessment of true values necessary
for normal gait. International Journal of Therapy and Rehabilitation 14(2):76–82
DOI 10.12968/ijtr.2007.14.2.23518.
Valldecabres et al. (2018), PeerJ, DOI 10.7717/peerj.6033 13/13
